Adding an extra singlet scalar S to the Higgs sector can provide a barrier at tree level between a false vacuum with restored electroweak symmetry and the true one. This has been demonstrated to readily give a strong phase transition as required for electroweak baryogenesis. We show that with the addition of a fermionic dark matter particle χ coupling to S, a simple UV-complete model can realize successful electroweak baryogenesis. The dark matter gets a CP asymmetry that is transferred to the standard model through a CP portal interaction, which we take to be a coupling of χ to τ leptons and an inert Higgs doublet. The CP asymmetry induced in left-handed τ leptons biases sphalerons to produce the baryon asymmetry. The model has promising discovery potential at the LHC, while robustly providing a large enough baryon asymmetry and correct dark matter relic density with reasonable values of the couplings.
INTRODUCTION
Electroweak baryogensis (EWBG) is the most experimentally testable mechanism for explaining the baryon asymmetry of the universe (BAU), and as such it is coming under increasing pressure from LHC constraints on new physics below the TeV scale. The minimal supersymmetric standard model has practically been excluded for realizing EWBG [1] [2] [3] , while the remaining parameter space for two Higgs doublet models to do so is increasingly narrow [4] [5] [6] (see however [7] ). The challenges are intricate since not only must one provide new particles coupling to the Higgs field in order to make the electroweak phase transition (EWPT) strongly first order, but also large CP violation to get sufficient baryon production. Constraints on electric dipole moments often restrict such new sources of CP violation.
Adding an extra scalar singlet field to these models alleviates the tension [8] [9] [10] [11] [12] . One way in which the singlet can help is by providing a tree-level barrier that gives a robust way of making the phase transition more strongly first order [13] [14] [15] , that has been exploited in recent work on EWBG [16] [17] [18] [19] [20] [21] [22] [23] [24] . Another feature of the singlet-assisted transition is that it can lead to observable gravitational waves [7, [24] [25] [26] [27] [28] [29] [30] [31] (see also [32] ).
Many of the baryogenesis studies have relied upon dimension-5 or 6 couplings of the scalar to standard model (SM) fermions in order to get CP-violating interactions in the bubble walls during the phase transition. The inverse mass scale of the nonrenormalizable operator must be relatively small, indicating the need for additional new physics just beyond the TeV scale. It would be more satisfying to have an ultraviolet-complete picture involving only renormalizable interactions.
In this paper we introduce a new realization of EWBG that meets these criteria. It relies upon a Majorana fermion χ that can couple to the scalar via Sχγ 5 χ. A Z 2 symmetry is imposed so that χ can couple to standard model leptons, for example the τ lepton doublet L τ , in combination with an inert Higgs doublet φ, through the interaction yL τ φχ. We dub this a "CP portal interaction," since its purpose is to transmit the CP asymmetry between the two helicity states of χ, that is generated at the bubble wall during the first order electroweak phase transition, to L τ by (inverse) decays of φ. An interesting feature of the model is that χ is a dark matter candidate if m χ < m φ (otherwise φ is the dark matter), whose relic density is determined by the same coupling y as enters into the baryon asymmetry. Numerous previous works have explored possible links between electroweak baryogenesis and dark matter [20, 29, [33] [34] [35] [36] [37] [38] [39] [40] [41] . In the case where the scalar singlet is the dark matter candidate, it must be subdominant to the main DM constituent if it is to provide a strong enough phase transition for baryogenesis (while it may nevertheless be directly detectable) [16] . Unlike previous works, here the dark matter plays an essential role in generating the baryon asymmetry rather than strengthening the phase transition. Moreover we show it can be accomplished without any explicit CP violation in the dark sec-tor, since CP can be violated spontaneously in the DM interactions with the scalar singlet in the bubble wall, where S gets a VEV. Since the VEV disappears at low temperatures and CP is restored, the model is in this case immune to constraints from electric dipole moment searches.
We account for an issue that can be important in models with a tree level barrier, namely the propensity for supercooling during the phase transition, especially if it is strongly first order. It is necessary to construct the bubble wall solutions at temperatures below the often considered critical temperature T c , at which bubble nucleation actually becomes faster than the Hubble rate. We find that moderate supercooling is required, with nucleation temperatures T n typically 20 − 30% lower than T c . However T n ∼ 100 GeV, and the new particles are not too Boltzmann suppressed to yield efficient baryogenesis.
MODEL AND MECHANISM
For simplicity, we study the phase transition in a limit of the scalar potential that has a Z 2 symmetry under S → −S,
Eventually one would like to consider models in which this restriction is removed, since the couplings of S to fermions do not generically respect S → −S symmetry. However it will be seen that Z 2 symmetry is preserved in the finite temperature scalar potential when the coupling of S to new fermions is takes the form iSχγ 5 χ, appropriate in the case where S is interpreted as a pseudoscalar. In addition to the singlet scalar, we introduce a singlet Majorana fermion χ and an inert doublet φ with couplings
The hypercharge of φ is equal to that of left-handed SM leptons. For simplicity we have coupled φχ only to the τ lepton doublet. In general it could be a linear combination of lepton flavors, but with a framework like minimal flavor violation in mind, this could be a good approximation to the case where the coupling to L τ dominates.
In such a more complete setup, constraints from leptonflavor violating decays such as µ → eγ induced at one loop by φ exchange will give limits on the additional couplings.
The mass m χ is taken to be real and the coupling η complex, so that in general there is CP violation via their relative phase. The field-dependent mass has a spatially varying phase θ(z) in the bubble walls of the phase transition, if S(z) has a nontrivial profile: where in the last expression we have assumed maximal phase, η = i|η|, which simplifies the effective scalar potential to be discussed below. The coordinate z denotes distance transverse to the wall, with z < 0 corresponding to the interior where electroweak symmetry is broken, and z > 0 the symmetric phase outside of the bubble. We will show that a baryon asymmetry can be efficiently generated by a CP asymmetry between the two helicity components of χ that is produced at the bubble wall and subsequently gets transmitted to L τ leptons by the inverse decay χL τ → φ. Sphalerons are sourced by the L τ chemical potential to produce the baryon asymmetry.
For simplicity we have neglected the possible couplings of φ to the SM Higgs doublet in the scalar potential. In particular, the interaction λ φh (φ † H) 2 violates lepton number, since it is necessary to assign φ lepton number 1 in (2), and consequently generates an unacceptably large Majorana mass for ν τ at one loop, as shown in fig. 1 . We impose lepton number as an additional approximate symmetry to forbid such a coupling.
EFFECTIVE POTENTIAL AND PHASE TRANSITION
We follow refs. [14, 15] , starting from the tree-level potential for the Higgs doublet H and real singlet S (1). Parameters can be chosen such that the Z 2 symmetry under S → −S breaks spontaneously at high temperatures, giving S a VEV (with H = 0) in the electroweak symmetric vacuum, while the true vacuum is along the H axis at T = 0. The finite-temperature effective potential for the real fields H = h/ √ 2 and S can be written in the form
where H is the Hubble rate. To compute the bubble action S 3 , we discretized the spherically symmetric equations of motion for (h, s) following from (10) and solved them using relaxation, subject to the boundary conditions dh/dr = ds/dr = 0 at r = 0 and (h, s) approaching the false minimum of the potential as r → ∞. The solutions turn out to be well described by the thin-wall approximation [42] suitably modified to accommodate two fields, as we describe in appendix A. This approximate method is numerically much faster than the exact solution, making it useful for scanning over models. As a further check, we recomputed the nucleation temperature T n and VEV v n for models from our random scan using the CosmoTransitions package [43] , verifying consistency with the results from our own code. Having determined the nucleation temperature and VEV, we demand that v n /T n > 1.1 to prevent washout of the baryon asymmetry in the broken phase inside the bubble walls [45, 46] . Finding the correct bubble wall profile is a very complicated problem that essentially depends on the friction exerted on the wall by the non-equilibrium plasma. Here we adopt the following simple approximation. We fix the path in field space by minimizing the potential V (h, s) along radial directions: (∂ ρ V ) θ ≡ 0 and setting h(θ) ≡ ρ(θ) cos θ and s(θ) ≡ ρ(θ) sin θ. After this we fix the main spatial dependence of the profile by setting
where the wall thickness is estimated as [15] 
Here we use the thickness of the one-dimensional solution corresponding to the steady-state phase of the expanding bubble wall, rather than the thickness of the initial bubble wall profile and action. These formula are only tractable at the lowest order in an expansion that should converge to the accurate action and tunneling path in field space. We found that this lowest order approximation typically gives S 3 /T much larger than the true value, by factors of 10 or more, leading to an underestimate of Tn and an overestimate of the strength of the phase transition, vn/Tn. critical bubble determined in [44] . The former is thinner than the latter, but still 6/T , justifying the semiclassical approach to computing the baryon asymmetry that we employ below. An example of the wall path in field space, and its spatial profile, is shown in fig. 2 .
To maintain consistency with our adoption of the Z 2 symmetric tree-level potential, we can set Re(η m χ ) = 0. This corresponds to taking a CP-conserving coupling of S to χ, where S transforms as a pseudoscalar. In a realistic treatment, there should be some breaking of the Z 2 symmetry; otherwise equal and opposite baryon asymmetries are produced from neighboring regions of the universe starting from false vacua with S > 0 or S < 0, leading to a net vanishing asymmetry. However a small breaking to remove the degeneracy is sufficient to dilute away any regions in the higher-energy vacuum by the evolution of domain walls, and should not change our estimate of the baryon asymmetry in a significant way, as long as the domain walls formed when S condenses have time to move away before tunneling to the electroweak symmetry breaking vacuum occurs.
BARYON ASYMMETRY
To compute the chemical potentials that induce baryon violation, we use the first-order diffusion equations for the chemical potential µ i and velocity perturbations u i for i = χ, φ, L τ 2 , following the method introduced for the MSSM in ref. [47] , which was refined by [48] . Here µ χ is the potential for negative minus positive helicity χ's. In the limit m χ → 0, the positive and negative helicity states would correspond to the particle and antiparticle states of the massless fermion. With m χ > 0, there is no distinction between particle and antiparticle, but there is still approximate conservation of the helicities, whose damping by mass effects will be taken into account in the Boltzmann equations. Following the notation of ref. [48] , 2 uL has dimensions of mass, and is proportional to the actual velocity perturbation the ensuing fluid equations can be concisely written as
where the coefficient matrices A i and the collision factors C i are given by
with
Here primes denote d/dz, where z is the direction transverse to the bubble wall, v w is the wall velocity,
is the magnitude of the field-dependent χ mass and thermal functions K i,j ≡ K i (m j /T ) are defined in [48] .
The reaction rates appearing in (14) depend primarily upon the (inverse) decay rates for φ → L τ χ and on the scattering processes shown in fig. 3 . These are the dominant reactions because of infrared enhancement when the intermediate particle exchanged in the t-channel goes on shell, as described in appendices B and C. The tildes denote a particular normalization of the rates (see eq. (D7) and following eq. (E5))) that are convenient for verifying conserved quantities; in the present case total lepton number n φ + n τ which is conserved by theL τ φχ interaction.Γ hf is the rate of helicity-flipping scatterings due to the diagram of fig. 3 (a) with the χ mass insertion.Γ × is the rate of φL τ → φ * L τ scatterings via mass insertion of the internal χ shown in fig. 3 (c).Γ el,i is the elastic scattering rate for particle i andΓ d is the (inverse) decay rate φ → L τ χ. Details of the computations of the elastic and helicity-flipping rates are given in appendices B and C.
The deviation of the coefficient c from unity quantifies the probability of helicity reversal of χ in a decay process due to its thermal motion. It is crucial for the mechanism that c > 0 since otherwise there would be no net production of µ τ from the (inverse) decays, as needed to bias the sphalerons. However as discussed in appendix D, we are far from the regime where c would be small enough to significantly suppress the baryon asymmetry.
Finally, S h χ is the semiclassical source, which was first derived in [47, 49] in the 1D-case and in [50] for 3D. However, these works give the source in a particular spineigenstate basis, while here we find it more convenient to work in terms of, helicity eigenstates, defined in the wall rest frame. We derive the correct source in the helicity basis in appendix E. The result is, mean and standard deviation of parameters from 600 random models with BAU and DM relic density of the right order of magnitude. Units are GeV for all dimensionful parameters. Subscript n refers to quantities at the nucleation temperature. Table 1 .
where the thermal integrals K Once µ τ is known, the baryon-to-entropy ratio can be computed as (18) where
modulates the baryon violation rate to account for the local Higgs field VEV [4] and ν = 45 Γ sph /(4v w ) accounts for washout of the baryon asymmetry in front of the wall, if it is very slowly moving. The sphaleron rate is Γ sph = 1.0 × 10 −6 T . Fig. 6 shows the differential asymmetry generated around the wall corresponding to equation (18) for our benchmark model.
The computation of the wall velocity v w is difficult [51, 52] and beyond the scope of this preliminary study, but for typical values v w ∼ 0.1 our predictions are rather insensitive to it since the 1/v w factor in (18) is largely cancelled by the v w prefactor in the source term (17) . This is evident in fig. 5 where we show the dependence of the baryon asymmetry on v w for the benchmark model from Table I . As expected, it goes to zero both for very small v w ∼ 10 −4 (due to the e −νz factor in eq. (18)) and at very large v w , close to the sound velocity 1/ √ 3, where Table I ). The right plot is the same as the left one, but using a logarithmic scale.
the wall becomes a detonation, and baryogenesis is suppressed by the inability of particles to diffuse away from the wall. Between these extremes, there is a wide plateau at v w ∼ 0.1 − 0.4, where η B is only mildly sensitive to v w and it turns out that the situation is the same for other parameter sets as well. This is what motivated our assumed value for v w .
A concern for any scenario relying upon very strongly first order transitions is that they tend to lead to faster moving walls. Ref. [53] has studied this in the context of two-field transitions such as we utilize and shown that v w is a monotonically increasing function of v n /T n , the strength of the phase transition at the nucleation temperature. However the exact value depends upon many parameters, only a few of which are covered in ref. [53] . Most importantly v w strongly depends upon the friction of the wall due to its interactions with particles in the plasma. Our model has significant new sources of such friction with sizable couplings, through the yL τ φχ and iηχγ 5 Sη interactions. We leave a more detailed investigation of v w in this model for future study.
COLLIDER CONSTRAINTS
The main particle physics constraint on our model is from the Drell-Yan production of the charged Higgs bosons from the inert doublet φ, followed by their decay into τ and χ, i.e., missing energy. This is the same signature as from pair production ofτ sleptons in the MSSM, so we can directly apply such limits, since the production cross sections forτ L pairs is the same as for φ ± . ATLAS has set limits from Run 1 which are not yet very constraining [54] . Only for m χ 20 GeV and m φ < 130 GeV is the model excluded, while for m χ ∼ = 40 GeV and m φ < 170 GeV, the allowed production cross section is less than a factor of 2 greater than the predicted one. CMS limits from Run 1 are comparable [55] . For our benchmark values we have chosen m χ ∼ = 50 GeV, m φ ∼ = 120 GeV which should be probed during Run 2 of the LHC. Related analyses from Run 2 [56, 57] focus on pair production of charginos decaying toτ rather than direct production ofτ and so are not directly applicable to our model. Stau searches at LEP have ruled out lighter values of m φ 90 GeV for m χ 80 GeV [58] . We avoid this region by restricting m φ > 100 GeV in our scans.
Although we work primarily in the limit of no mixing of S with the Higgs boson, it was pointed out that this cannot be exactly true. In the presence of small mixing θ hs , even though the decay channel h → SS is kinematically blocked, the invisible decay h → χχ is possible, with rate
Demanding that the invisible branching ratio not exceed 30% leads to the constraint θ hs < 0.15 for our benchmark parameters.
DARK MATTER CONSTRAINTS

Relic density
Because of the Z 2 symmetry under which φ → −φ and χ → −χ, the lighter of the two of these particles is a stable dark matter candidate. Since φ would have a very large scattering cross section on nuclei through its weak interactions, it is preferable to assume m χ < m φ so that χ is the dark matter.
The possible annihilation channels for χ are χχ → L τLτ and χχ → SS. Both are p-wave suppressed. We find that the respective cross sections at lowest order in relative velocity are given by
The fig. 8 . Varying parameters in the ranges (31), we find that 0.6 y 0.75 can be compatible with the observed value. Also, larger m φ correlates with larger DM-abundance, as expected from Eq. (21).
Direct detection
In the idealized limit of S → −S symmetry that we have considered, there are no interactions of χ with nuclei at tree level. But as remarked previously, in a realistic model it is necessary to break this symmetry to some extent, to prevent the universe from consisting of cancelling domains in which the BAU has the same magnitude but opposite signs. The most natural way this could come about is if the coupling of χ to S is no longer pure pseudoscalar but takes the form
since a χ loop will then induce a tadpole for S proportional to η , leading to a VEV for S at zero temperature. The VEV implies mixing of S with the Higgs boson, hence interactions with nuclei, as indicated in fig. 7 (left). If the mixing angle is denoted by θ hs 1, the cross section on nucleons is
where µ χN is the reduced mass and y N ∼ = 0. 
In addition to the Higgs portal, χ gets an anapole moment interaction
at one loop, with φ and L τ in the loop. This leads to a velocity-suppressed cross section for scattering on protons [62] ,
where µ χp ∼ = m p is the reduced mass. Estimating Λ = 4πm φ /y ∼ 2 TeV from the loop, using our fiducial parameter values, we get a cross section of order 10 −49 cm 2 , still far below current sensitivities.
Indirect detection
Although the annihilations χχ → τ + τ − do not lead to appreciable astrophysical signals, since they are p-wave suppressed, there are two associated processes that are not obviously innocuous. The one-loop diagram with virtual τ in the loop connected to two photons leads to a monochromatic line from χχ → γγ. Such lines are constrained by Fermi/LAT [63] , requiring a cross section below 10 −29 cm 3 /s for m χ ∼ 50 GeV, and the most cuspy assumed galactic dark matter density profile. Using ref.
[64], we find that the predicted cross section is
taking values from the benchmark model, which is still below the least conservative of the Fermi constraints. The full cross section for χχ → τ + τ − includes an swave contribution that is however helicity suppressed by (m τ /m χ ) 2 , which we have neglected. It was pointed out in ref. [65] that this suppression can be overcome by internal brehmsstrahlung, where a photon is emitted by the charged particle exchanged in the t channel (φ + in our case). Using their results, we find a cross section for emission of
Since the photon is not monochromatic, we compare the prediction to constraints on annihilation to general final states from Fermi/LAT observations of dwarf galaxies [66] . At m χ ∼ 50 GeV, the limits are of order 10 −26 cm 3 /s rendering this channel harmless. The line searches thus remain the most promising avenue for indirect discovery.
RESULTS
We performed random scans over the model parameters to identify regions that give approximately the correct baryon asymmetry as well as the dark matter abundance. A suitable region of parameter space is given by 
In a random scan over 670,000 such models, with a flat prior on the intervals (31) we find 600 examples with of parameters are given in table I. We do not claim that this is the only region of parameter space that is viable, nor do we attach any rigorous meaning to the statistics; rather our aim in this study is to demonstrate the existence of one such region, and to establish that it is not the result of any special fine tuning of parameters. Fig. 9 plots the scatter in the plane of relic density versus baryon asymmetry, showing that it is easy to cover the target region of observed values. Moreover, out of the 600 models displayed, 21 (93) have both BAU and DM within 20 (50) per cent of the observed value. The coloring of dots shows the absolute value of the Sχχ-coupling, which controls the size of the CP-violation in the model. As expected, the large asymmetry is strongly correlated with a large |η|.
In the left panel of Fig. 10 we show the correlation between baryon asymmetry and the wall width. There is only a slight positive correlation between large BAU and small wall width. At any rate all wall widths are large enough for the semiclassical method used to solve the fluid equations to be valid. The right panel of Fig. 10 shows the correlation between v/T evaluated at the critical and nucleation temperatures. The supercooling is never excessive; most of the models have v n /T n between one and two. However some amount the supercooling is essential: none of the models would have survived the naive sphaleron bound v c /T c > 1. 4 The resulting distributions are not necessarily Gaussian or symmetric abound the mean values 
CONCLUSIONS
We have demonstrated a new class of models for electroweak baryogenesis that take advantage of a tree-level barrier facilitated by a singlet scalar field to get a strong first order phase transition. Unlike previous studies, we obtain the CP violation needed for baryogenesis from renormalizable interactions of the scalar with hidden sector particles, in particular with the dark matter. In this way we avoid the need for unspecified new physics at a low scale, and alleviate CP constraints from searches for electric dipole moments. To our knowledge, this is the first example of a model of electroweak baryogenesis where dark matter plays an essential role in providing the initial CP asymmetry. We introduce the notion of a "CP portal" interaction to transmit the CP asymmetry created in the dark sector to standard model particles, as needed to bias sphalerons to produce the baryon asymmetry. This requires new particle content (an inert Higgs doublet that can decay into dark matter and leptons) which is near the discovery potential of LHC. In the present model, the CP portal coupling also determines the dark matter relic density.
In this preliminary study, we have computed the baryon asymmetry quantitatively, while making a number of simplifying assumptions that could be relaxed in future work. The VEV of the scalar S was taken to vanish in the true vacuum, but as noted above, there should be at least a small VEV to avoid domains containing cancelling contributions to the baryon asymmetry; hence the S → −S symmetry in the scalar potential should be broken. It would be worthwhile to to quantify under what conditions the higher-energy false vacua have time to be diluted away before they disappear by tunneling to the electroweak symmetry breaking vacuum. Breaking of the S → −S symmetry could also introduce explicit CP violation into the coupling of S to dark matter, as oppposed to the purely spontaneous violation assumed here. Moreover it could lead to potentially observable signals for direct dark matter detection as explained in section 6.2, and collider constraints from mixing of the Higgs with the singlet. Futher, we have ignored possible couplings of the inert Higgs doublet φ to the SM Higgs, and couplings of φ and χ to the µ and e lepton doublets, which may be constrained by lepton flavor violating observables. And it would be interesting to determine and solve the renormalization group equations for the new couplings to see at how high a scale the model is valid before encountering a Landau pole.
Regarding the phase transition, a number of improvements could be made. These include dynamical solution of the bubble wall profiles in field space, which we took to follow the minimum of the potential valley in the (H, S) plane. More importantly, we have assumed a value for the bubble wall velocity, v w = 0.3 c, whereas an actual calculation would be desirable. Such determinations are notoriously difficult and hampered by fundamental uncertainties in microscopic evaluation of the friction on the wall [67] ; hence we leave this for future investigation. Finally one could improve on the determination of the elastic scattering rates, by including all relevant channels. However, we already addressed the most pressing issue about the rates in appendix B, where we pointed out that the dominant contributions are formally infrareddivergent, and must be regularized by a self-consistent determination of the thermal scattering rate for a fermion of fixed energy in the plasma.
Beyond technical improvements in the treatment of the model presented here, we believe that the general framework, involving a singlet scalar and new states connecting the scalar to standard model fermions, opens the door to building other new models of electroweak baryogenesis, possibly involving dark matter, and testable at the LHC. two fields
We found the tunnelling solutions for the action (10) by numerically solving the field equations
where φ i = h, s, with boundary conditions model parameters. Hence we initially tried using a (lowest order) semianalytic formula of ref. [44] to approximate the nucleation action. Further investigation showed that this is a poor approximation, typically overestimating action by a factor of 10 or more; see Fig. 11 . We subsequently found that S 3 /T can be well approximated by the following, slightly modified version of the well known thin-wall approximation [42] . Assume that the tunneling path follows a direct line between the two minima (this assumption is supported by full numerical solutions; see Fig. 2 ). This reduces the problem to a single effective field with potentialṼ (h, T ) = V (h, s(h), T ), where s ≡ w T (1 − h/v T ). The thin wall action then takes the usual form:
where ∆V ≡ V (0, w T , T ) − V (v T , 0, T ) and the surface tension is defined as as:
The formulae (A2-A3) take essentially no time to numerically evaluate and provide surprisingly accurate results, making this an ideal method for the initial model selection in an extensive parameter scan, or more generally whenever a very high precision is not needed. In Fig. 11 we show a comparison of the thin wall and exact numerical results for some representative cases. For comparison we also show the leading order semianalytic result by ref.
[44] (black dash-dotted curve).
Appendix B: Elastic scattering rates
Although there are many diagrams contributing to the scattering rates in fig. 3 , they turn out to be dominated by just a few. These are the diagrams with an external φ, where an internal τ or χ particle in the t or u channel can go on shell and ones with external τ and χ where φ can go on-shell in s-channel. In addition the t and u-channel diagrams contributions are IR divergent. All these diagrams must be regularized by taking into account the thermal damping rate Γ x of the intermediate particle x. It amounts to using the propagator [68] 
where u is the plasma 4-velocity. (This is the leading correction to the imaginary part of the self-energy from thermal corrections.) The rationalized propagator then takes the form
where = p 0 Γ x . At lowest order the thermal damping rates are given by the decay rates computed in appendix D:
Moreover, we need to subtract the on-shell contribution to avoid double-counting the decays and inverse decays of φ, which have already been explicitly included in the Boltzmann equations. The need for such subtractions has been discussed in similar contexts [69] [70] [71] . However there is some ambiguity in the literature as to how this should be done. A widely used prescription is to replace the squared propagator |P (p)| 2 with
in the case of a massive intermediate particle that has a decay width Γ. It has been noted [70] that this can lead to negative cross sections. Ref. [71] proposes a different method of subtraction that avoids this problem, but it is specific to s-channel processes and does not suffice for us. We propose to carry out a subtraction similar to (B3), but rather than doing so on the squared propagator appearing in the cross section, we apply it to the propagator in the amplitude. By construction this avoids the problem of a negative cross section and it also seems to be better justified physically. Indeed the idea is that the pole contribution gets associated with a distinct physical process: a successive decay and inverse decay of a particle, which is not part of the 2 ↔ 2 scattering matrix but instead of the 1 ↔ 2 matrix. It should then be removed completely, including all interference effects, which can only be ensured by subtracting at the amplitude level. For a scalar particle, our prescription is to take the principal value part of the propagator by removing the real part
where = mΓ for a particle with a decay width. For a fermion, we multiply (B4) by / p + m. The dominant contribution to the cross section for χφ (τ φ) scattering, due to t-channel exchange, is controlled by the thermal width of τ (χ). Similarly the cross-section for χτ is dominated by the s-channel diagram controlled by thermal width of φ. Contributions from these channels are, even after pole subtractions, as large or larger than the decay contribution. That is, we are finding that the two-loop contributions to the complex part of the self-energy are very large, which means that we must solve a gap equation for the thermal widths involving all three particles and their dominant decay and scattering channels. These equations can be formally written as
where the ∆ i [Γ j ] arise from thermally averaged scattering rates:
As discussed above, we include here the dominant processes: χφ → χφ, φτ → φτ and χτ → χτ . In addition we included f τ → f τ andf τ →f τ , where f denotes standard model fermions. (Although these are IR convergent, taking account of the thermal mass of the W m 2 W = (8/3)g 2 T 2 in t-channel exchange, there are many flavors.) When the dominant scattering channels are included along with the decays, the infrared sensitivity of independent channels is greatly reduced, and results stabilize against adding new contributions. For example adding f τ andf τ channels does not change the results dramatically despite their large multiplicity. The calculation of scattering rates is straightforward and we do note show the lengthy expressions for the cross-sections (computed using FeynCalc [72] ) here. We determined all thermal averages using
ds.
(B7) The behaviour of the solutions of the equation (B5) in the bububble wall, along with the decay rates Γ d,i , is shown in figure (12) for our benchmark model. Note that diffusion properties change significantly from one phase to another.
There are several other scattering channels that have IR enhancement, but are still subdominant. These are χχ → S * → χχ annihilation, if m χ < m S /2 with the possibility of an s-channel resonance; similarly L τLτ → W * → L τLτ , since the thermal mass of the W in the symmetric phase is more than two times greater than that of L τ ; and L τ W → L τ W , where the W decays to L τLτ followed by inverse decay, similar to L τ φ → L τ φ discussed above. The first process tends to be absent in our scans, which favor m χ > m S /2 for getting the observed BAU and DM density, and is also suppressed by η/y 1 relative to the dominant processes. The others which are proportional to g 2 turn out to be numerically small compared to the dominant y 2 processes.
Appendix C: Helicity flip rate
The rate of helicity flips in scattering can be computed by insertion of the helicity projection operators
into the amplitudes involving χ scattering, where the spin vector of the ith particle is s µ i = λ i (|p i |, E ipi ) with λ i = ±1 for positive or negative helicity. Carrying this out for χφ → χφ scattering, we find that the largest rate is for the helicity-conserving case where λ 1 = λ 4 = +1 (labeling the incoming and outgoing χ particles by i = 1, 4 respectively), followed by the two helicity-flipping possibilities (which have equal cross sections), and then λ 1 = λ 4 = −1. The distinction between the first and last is due to scattering on φ as opposed to φ * . We show the dependence of the cross sections on energy in fig. 13 (left) .
Carrying out the thermal averages, the ratio of the rates for either helicity flip process versus the dominant helicity-conserving one is a function of m χ /T and m φ /T which to a good approximation is independent of y, and is plotted in fig. 13 (right) . For numerical purposes, we find that it can be accurately approximated (to better than 1% for the parameters of interest) by a second order polynomial in m χ and m φ , whose coefficients depend very weakly on y. For our benchmark model, the total flip ratio is 8%.
can reduce first term I d in eq. (D2) to a 1D-integral,
It is easy to see that Γ d ≡ I d /n φ is the φ decay rate, which reduces to the vacuum rate in the T → 0 limit. Γ d can be expressed as y 2 T times a function of m χ /T, m φ /T , which is shown in fig. 14 (left) . Because s h · k is not Lorentz invariant, the second term I h can only be reduced to a two-dimensional integral in the most general case and we do not reproduce the result here.
These decay collision terms give rise to the following contributions to C µ i -terms appearing in the fluid equations (14) (superscript µ denotes chemical potential):
where N i are the zero-mass normalization factors defined for χ below equation (E5). The coefficient g w = 2 in δC µ χ is the SU(2)-multiplicity factor. Using equations (D1) and (D2), we can write (D4) as
where the helicity-flipping factor is defined as
We then infer the effective decay rates appearing in (14) ,
and similarly for χ and τ . The normalization factors r i are induced here (and in all other rates in (14) ) by the particular normalization chosen for the K i,j functions. The decay processes are crucial to our CP-portal mechanism as they are the only way to bring the χ CPasymmetry into the τ sector. In the limit m χ → 0 the χ-helicity follows faithfully the chirality of τ and the transport is maximally efficient; this corresponds to the case c = 1. However, with a nonzero m χ some decays produce wrong helicity χ s, whereby c < 1. For small c the transport is less efficient and in the limit c → 0, µ χ completely decouples, hiding CP-violation in the dark sector. We show c as a function of m χ /T, m φ /T in fig. 14 (right) : it turns out that c is strongly suppressed only in the limit that φ and χ-masses become degenerate, i.e. in the limit that χ is nonrelativistic (as expected).
Appendix E: Semiclassical source in helicity basis
In this section we derive the semiclassical source in the helicity basis. Here we label states by their wallframe helicities, whereas we use plasma-frame helicities in collision-term calculations. This is justified given that we calculate the BAU to first-order in v w . We start from the 3D semiclassical force derived in [50] :
where
2 and s CP = 1 (−1) for particles (antiparticles) and s refers to the spin perpendicular to the wall in the frame where the particle velocity parallel to wall vanishes, k ≡ 0. That is, (E1) is the force acting on the k ≡ 0-frame eigenstate of the spin operator, S z = γ 0 γ 3 γ 5 , boosted back to wall frame, or equivalently, it is the force acting on the eigenstates u(p, s) of the boosted spin-operator [50] 
where superscript "wf" indicates the rest frame of the bubble wall. To get the force on helicity states, we first note that we can always write a helicity state as a linear combination of u(p, s) spin eigenstates: u(p, h) = s c s u(p, s). Note that force has opposite signs on opposite spins, which reflects the fact that at the quantum level u(p, s = ±1) evolve under slightly different effective Hamiltonians. This leads to a separation of the wave function, analogously to the separation of electron spin states in the Stern-Gerlach experiment. However, our kinetic equations are classical, which by (molecular chaos) assumption forbid any correlations between initial states in collision events. This means that, consistently with the semiclassical picture, we must treat spin as a classical variable.
Thus the force acting on helicity states u(p, h) is the quantum average of the force (E1) over spin s. In practice this means replacing s → s h in (E1) where s h is the expectation value of the spin in the helicity eigenstate:
and the boost factor is γ = k 0 /k 0 . We can now compute the source for the fluid equations (14) arising from the force F . Here we do not present the full calculation, performed in [48] , but rather just emphasize one issue: in [48] thermal averages are defined by integrating a quantity X over effective k z -momentum, but 
